CVD-grown multiwalled carbon nanotubes were purified by applying four different treatments with increasing oxidation severity. The growing severity of the treatment results in progressive oxygen functionalization of the surface along with introduction of an increasing quantity of defects on the carbon nanotube walls. Iridium-N-heterocyclic carbene complexes were covalently anchored to those oxidized surfaces through their surface carboxylic acids via acetyl linkers. The carbon nanotube-based iridium-NHC hybrid materials developed are active in the hydrogen-transfer reduction of cyclohexanone to cyclohexanol with 2-propanol/KOH as hydrogen source but with rather different activity. The catalytic activity of the hybrid catalysts is strongly influenced by the type and amount of oxygenated functionalization resulting from the treatment applied to the support, being the most active and the most oxidized material. 5504 | Catal. Sci. Technol., 2016, 6, 5504-5514
Introduction
N-Heterocyclic carbenes (NHCs) have attracted increasing attention as ancillary ligands for the design of transition metal homogeneous catalysts. 1 On the one hand, the tunable character of NHC ligands allows for the control of the sterical and electronic properties at the metal centre. 2 On the other hand, organometallic catalysts can be anchored on solid supports through the wingtip of the NHC ligand with potential improvement in the catalytic activity by support effects permitting, additionally, the easy recovery and subsequent recyclability of the hybrid catalysts. 3, 4 Carbon nanotubes (CNT), 5 among other carbon materials, present excellent electronic, thermal, chemical and mechanical properties [6] [7] [8] which make them suitable to support molecular transition metal complexes. All the synthetic methods used in their production, i.e. arc discharge, laser vaporization or CVD, 9 result in impurities that join every produced CNT batch, which are mainly based on amorphous carbon particles and traces of the metals employed for the growth of the nanotubes. 10 Purification methods involve thermal annealing, electrochemical or magnetic treatments, but the most applied procedures are based on different acid/oxidant treatments in order to dissolve the metals and eliminate the carbon impurities. 11 It is known that these treatments also affect the carbon walls of the CNTs. In fact, the oxidation surface chemistry of CNTs is reasonably well established, 12 and surface oxygen groups are deployed after the purification by oxidation processes, mainly carboxylic acids on the edges, tips and defects and hydroxylic and epoxy groups on the basal planes. 13 depending on the grade of oxidation. [14] [15] [16] Several proposals about the mechanism involving the oxidation of the CNT walls have been reported in the literature, but all of them agree that the severity of the treatments is directly related to the degree of oxidation.
Iridium-NHC complexes are efficient catalyst precursors for the reduction of CO and CN bonds to generate alcohols or amines under mild transfer hydrogenation conditions. [17] [18] [19] The covalent immobilization of Ir-NHC complexes on CNTs can be achieved by taking advantage of their oxygenated surface chemistry, but their development as hybrid catalysts is under expansion in comparison with other suitable supports. 20 In this regard, we have developed synthetic protocols for the covalent immobilization of Ir-NHC complexes to carbon surfaces through the carboxylic acid or the hydroxyl surface groups by using hydroxy-functionalized imidazolium salt. This functionalization approach results in the formation of ester and carbonate functions, respectively, as linkers to the Ir-NHC species. Interestingly, the hybrid materials were found to be efficient hydrogen-transfer catalysts exhibiting good recyclability.
The aim of this work is the covalent anchoring of Ir-NHC complexes, via acetyl linkers, through the carboxylic acids of different oxidized CNT supports resulting from oxidation treatments of increasing severity. We are aware that only a few N-acyl-substituted NHC-transition metal complexes have been reported to date. 21 In addition, it has been found that these complexes usually react quickly and irreversibly with a great variety of mild nucleophiles, including water and alcohols, to give the corresponding protic NHC complexes. 21a However, to our delight, we have found that these iridium hybrid catalysts exhibit an outstanding catalytic activity in hydrogen transfer, which is probably a consequence of the stabilizing effect exerted by the carbon nanotube support. Thus, the catalytic activity, stability and recyclability of the resultant hybrid materials in transfer hydrogenation reactions have been studied as a function of the surface chemistry of their corresponding support. In this context, it is worth noting that detailed catalytic studies based on supported catalysts with a gradual oxidation level of their surfaces are scarce.
Experimental

Materials
All the chemicals, including starting multiwalled carbon nanotubes, were purchased from Aldrich. Reagent or HPLC grade was employed in all the experiments. Solvents were distilled immediately prior to use from the appropriate drying agents or obtained from a Solvent Purification System (Innovative Technologies). The starting organometallic compound [IrĲμ-OMe)Ĳcod)] 2 (cod = 1,5-cyclooctadiene) was prepared according to a standard literature procedure. 22 
Oxidation of the carbon nanotubes
Carbon nanotubes were subjected to four different purification treatments of increasing severity: (a) 0.3 g of raw carbon nanotubes was dispersed in 70 mL of concentrated HCl. The mixture was magnetically stirred at 60°C for 2 h. The suspension was washed by addition of several portions of 250 mL of water, centrifugation, and elimination of the supernatant until neutral pH was reached. The solid collected was dried at 100°C until constant weight, and labelled CNT-HCl. (b) 0.3 g of raw carbon nanotubes was dispersed in 25 mL of a 1 : 1 mixture of ammonium hydroxide (28%) and hydrogen peroxide (30%). The mixture was magnetically stirred at 80°C for 5 h, and then, the washing procedure described above was applied until neutral pH was reached. The solid was dried and labelled CNT-LT. (c) 0.3 g of raw CNT was dispersed in 70 mL of a solution of nitric acid (3 M). The mixture was magnetically stirred at 60°C for 15 min, sonicated for 2 h and then diluted with 250 mL of water. After centrifugation, the washing procedure with water was repeated until neutral pH was reached as in the previous preparations. The collected solid was dispersed in 70 mL of hydrogen peroxide (30%), and the mixture was magnetically stirred at 60°C for 15 min and then sonicated for 2 h. The solid was collected by filtration, washed with water and dried at 100°C until constant weight. The dried solid obtained was named CNT-MT. (d) 0.3 g of raw CNT was dispersed in 40 mL of a 3 : 1 mixture of concentrated sulphuric and nitric acids. The mixture was sonicated for 10 min, magnetically stirred at 80°C for 20 min and then sonicated for another 20 min. Finally, it was diluted with 250 mL of water, and after centrifugation, the standard washing procedure with water was repeated until neutral pH was reached as in the previous preparations. The solid was dried at 100°C until constant weight and named CNT-ST.
Covalent functionalization of the carbon nanotubes
The cationic iridium complexes bearing methyl-imidazol-2ylidene ligands were anchored to the oxidized carbon nanotubes through acetyl functions by applying a three-step procedure. 100 mg of CNT-X was refluxed in 40 mL of thionyl chloride for 24 h under argon atmosphere. The excess of SOCl 2 was removed under vacuum, and the resultant product was washed three times with 20 mL of tetrahydrofuran (THF) and dried for 2 h under vacuum. Then, the solid was dispersed in 15 mL of THF, and N-methylimidazole (2 mL, 25.1 mmol) was added. The mixture was refluxed for 24 h. The solid was filtered and washed with THF (3 × 20 mL), dichloromethane (3 × 20 mL) and diethyl ether (2 × 20 mL). The solids collected were dried at 100°C in a preheated furnace for 2 h, and the dried samples were labelled CNT-X-MI. The resulting imidazolium functionalized carbon nanotubes (100 mg) were reacted with [IrĲμ-OMe)Ĳcod)] 2 (100 mg, 0.150 mmol) in THF (20 mL) under argon atmosphere. The mixture was refluxed for 2 days and then immersed in an ultrasonic bath for 30 min at room temperature. The resultant solids were recovered by centrifugation, washed with THF (5 × 10 mL) and diethyl ether (2 × 5 mL), and dried under vacuum. The hybrid materials were labelled CNT-X-MI-Ir, where X is related to the degree of oxidation of the nanotube (HCl, LT, MT and ST).
Preparation of 1-acetyl-3-methyl-1H-imidazol-3-ium chloride. Acetyl chloride (1.77 mL, 25 mmol) was added to a solution of N-methylimidazole (1.00 mL, 12.5 mmol) in acetonitrile (15 mL), and then, the mixture was refluxed for 24 h. The white solid formed was separated by decantation, washed with diethyl ether and dried in vacuo. Yield: 63%. 1 Reaction of [{IrĲμ-OMe)Ĳcod)} 2 ] with 1-acetyl-3-methyl-1Himidazol-3-ium chloride. [{Ir(μ-OMe)(cod)} 2 ] (0.100 g, 0.151 mmol) was added to a suspension of N-acetyl imidazolium salt (0.048 g, 0.302 mmol) in dry tetrahydrofuran (15 mL) containing activated molecular sieves. The mixture was stirred for 12 h at room temperature to give an orange suspension. The solids were removed by filtration, and the resulting orange solution was evaporated to dryness under vacuum. The residue was treated with pentane to afford an orange solid, which was separated by decantation and dried in vacuo. The NMR of this solid showed that is actually a mixture of the complexes [IrCl(cod)(MeImCOCH 3 )] and [IrCl(cod)(MeImH)] in which the latter predominates. Addition of dry methanol to a solution of this solid in C 6 
General procedure for the transfer hydrogenation catalysis
The catalytic transfer hydrogenation reactions were carried out under argon atmosphere in thick glass reaction tubes fitted with a greaseless high-vacuum stopcock. In a typical experiment, the reactor was charged with a solution of cyclohexanone (0.52 mL, 5.0 mmol) in 2-propanol (4.5 mL), an internal standard (mesitylene, 70 μL, 0.5 mmol), a base (0.1 mL, 0.025 mmol of a KOH solution (0.24 M) in 2-propanol) and a catalyst (0.005 mmol, 0.1 mol%). The resulting mixture was stirred at room temperature for 10 min and then placed in a thermostatic oil bath at the required temperature, typically 80°C. Conversions were determined by gas chromatography analysis under the following conditions: a column temperature of 35°C (2 min) up to 220°C at 10°C min −1 and a flow rate of 1 mL min −1 using ultrapure He as carrier gas. Once the reaction was completed, the hybrid iridium-NHC catalysts were recovered by centrifugation and washed with additional amounts of 2-propanol (3 × 10 mL). Several catalytic cycles were performed with these materials, under the same experimental conditions, without adding any fresh catalyst precursor. The last cycle was carried out in air.
Characterization methods
The catalytic reactions were analysed using an Agilent 4890 D system equipped with an HP-INNOWax capillary column (0.4 μm, 25 m × 0.2 mm i.d.) using mesitylene as internal stan-dard. Thermogravimetric analysis (TGA) of the materials was performed using a TA SDT 2960 analyzer thermobalance. The procedure used was as follows: 3 mg of sample was heated in the thermobalance at 10°C min −1 to 1000°C using a nitrogen flow of 200 mL min −1 . Raman spectra of the parent oxidized nanotubes and the imidazolium-modified materials were recorded from 750 to 3500 cm −1 on a Renishaw 2000 Confocal Raman Microprobe (Rhenishaw Instruments, England) using a 514.5 nm argon ion laser. High-resolution transmission electron microscopy (HRTEM) images were recorded using a JEOL JEM-2100F transmission electron microscope, equipped with a field emission gun (FEG) operating at 200 kV and fitted with an Oxford Instruments microprobe to perform energy-dispersive X-ray spectroscopy (EDX), in order to verify the atomic composition of the catalyst. The samples were prepared by casting a few drops of 1 mg mL −1 ethanol suspensions of the materials over the carbon grids. To minimize exposure of the samples to air, the suspensions were transferred to a lacey carbon grid using a glovebox filled with ultrahigh-purity argon and then to the TEM holder in order to minimize the time required to introduce them into the microscope. The X-ray photoemission spectroscopy (XPS) spectra were recorded using a SPECS system operating under a pressure of 10 −7 Pa and equipped with a Mg Kα X-ray source. The functional groups in the nanotube based materials were quantified by deconvolution of the high resolution C1s XPS peak employing Gaussian and Lorentzian functions. 23 The binding energy profiles were deconvoluted as follows: undamaged structures of sp 2hybridized carbon (284.5 eV), damaged structures or sp 3hybridized carbons (and C-N groups, 285.5 eV), C-O (and C-N groups, 286.5 eV), CO functional groups (287.7 eV) and COO groups at 288.7 eV. The amount of iridium present in the samples was determined by means of inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent 7700× instrument. The samples were digested following a method described elsewhere. 24 Briefly, 30 mg of sample was treated with 5 mL of a mixture of concentrated nitric and hydrochloric acids (3 : 1 ratio) at 180°C for 3 h under microwave irradiation.
X-ray absorption measurements at the Ir L 3 -edge were performed using a Si(111) double crystal monochromator at the BM23 beam line of the ESRF (Grenoble, France) and using a Si(311) double crystal monochromator at the Claess beam line of the Alba (Barcelona, Spain) synchrotron facilities. The spectra collected from both setups were equivalent. The energy resolution ΔE/E was estimated to be about 8 × 10 −5 at the Ir L 3 -edge, and a pellet of Ir metal and cellulose, the complex [IrClĲcod)ĲMeImĲCH 2 ) 3 OH)] and the salt IrCl 3 were simultaneously measured for energy calibration as references for Ir(0), Ir(I) and Ir(III), respectively. The extended X-ray absorption fine structure (EXAFS) spectra were analysed using the ARTEMIS program, 25 which makes use of theoretical phases and backscattering amplitudes calculated from FEFF6. 26 The fits were carried out in R space using a Hanning window for filtering purposes. 
Results and discussion
Preparation and functionalization of carbon nanotubes with different oxidation levels
The carbon nanotube-based support materials, CNT-X, were obtained from commercial CVD-grown multiwalled carbon nanotubes by applying different and gradually increasing oxidation reagents, such as a) hydrochloric acid, b) a mixture of hydrogen peroxide and ammonium hydroxide, c) diluted nitric acid and hydrogen peroxide and d) a mixture of warm concentrated sulphuric and nitric acids. 27 It is noticeable that the ongoing oxidation processes on the CNTs generate oxygen functional groups at edges, defects and basal planes of the nanotubes. The quantity of defects observed on the carbon nanotube walls of the oxidized samples is directly proportional to the harshness of the oxidation treatment. In fact, a gradual increment in the D band of the Raman spectra is observed as a result of those treatments. Furthermore, the C/O atomic ratio calculated by XPS data (Table 1 ) also decreases gradually.
The generated surface groups on the CNT-X materials were analysed by deconvolution of the C 1s band in the XPS spectra ( Fig. 1) , which also confirm the progressive introduction of oxygen groups following the increase in oxidation severity. Additionally, the diminution in the Csp 2 band and the intensification in the Csp 3 are both consequences of those oxidation processes. Interestingly, in accordance with this argument, the most oxidized carbon nanotube material, CNT-ST, shows the largest amount of carboxylic acids and hydroxylic groups. Additionally, the large percentage of oxygen in this material, also observed in graphene oxides, is also attributed to an increase in unreactive epoxy or ether groups. 28 Applying a known carbon nanotube functionalization method, the treatment of the parent oxidized nanotubes (CNT-X) with thionyl chloride followed by reaction with N-methylimidazole allow the formation of hanging methylimidazolium salts by alkylation of the heterocycle with the more reactive pendant acyl groups. Operating in such a way, it is possible to obtain the imidazolium functionalized car-bon nanotube materials named CNT-X-MI (MI = 1-acyl-3methylimidazolium, Scheme 1).
The high-resolution XPS N 1s bands of the functionalized samples reveal a single band at 401.5 eV that is indicative of a unique functionalization mode. The atomic percentages obtained from XPS data (Table 1) show a steady increase in the amount of nitrogen, which corresponds to increasing functionalization of the carbon nanotube materials with the imidazolium groups. In addition, a higher I D /I G Raman ratio was observed in every sample and also when comparing the parent-oxidized with imidazole-treated materials, that indicates positive functionalization, which is in accordance with the correlation observed in related materials (see the ESI †). 29 In addition, the correct N : Cl atomic ratio of ca. 2 : 1 was obtained which is in agreement with the presence of the imidazole ring (see the ESI †). All these data confirm that the more oxidation treatment applied, the more functionalized support is obtained, which is CNT-ST-MI.
The quantification of the imidazolium groups present in these materials has also been determined by means of thermogravimetric analysis (TGA) as the weight decreases at 400°C (mainly associated to the elimination of the imidazolium fragments). 30 As expected, more pronounced decays in the TGA profiles were observed for the materials coming from the more oxidized CNTs, which is in accordance with a larger number of imidazole units in these materials (see the ESI †). 26 In fact, the nitrogen weight percentages determined from the TGA curves compare well with those obtained from the XPS data (see the ESI †).
Synthesis and characterization of carbon nanotube-NHCiridium hybrid catalysts
The deprotonation of the weak acid proton at the C2 of the supported imidazolium groups by the basic methoxo ligands in the dinuclear complex [IrĲμ-OMe)Ĳcod)] 2 (cod = 1,5cyclooctadiene) generates N-heterocyclic carbene (NHC) anchored iridium complexes (Scheme 1) on the nanotube surfaces, CNT-X-MI-Ir. The insolubility of these materials together with the detection of methanol by gas chromatography in the filtered mother liquids after reaction with [Ir(μ-OMe)(cod)] 2 (see the ESI †) confirm the progress of the reactions. The supporting of the metal complexes is substantiated by the high-resolution transmission electron microscopy images of the four types of Ir-NHC hybrid materials derived from gradually oxidized carbon nanotubes (CNT-X-MI-Ir), as shown in Fig. 2 . Homogeneous distributions of electrondense regions were detected with diameters ranging 0.15-0.3 nm all throughout the outer and inner walls (white circles). The metallic spots are in the range of the molecular iridium complexes as confirmed by their EDX spectra (see the ESI †).
Although larger iridium particles of 1.2-1.4 nm are also detected, the Ir 4f region of the XPS spectra shows, for all samples, two maxima centred at 62.4 and 66.5 eV, corresponding to Ir 4f 7/2 and Ir 4f 5/2 , according to IrĲI) species. 31 Those larger spots, more marked on the unprotected outer walls, could be clusters or nanoparticles possibly formed by electron beam irradiation inside the microscope chamber. 32 Similar size distributions were observed for other supported molecular iridium catalysts or even for graphene-based hybrid catalysts. 3, 4 Additionally, all the materials exhibited the same appearance in terms of number of layers and interlayer distances compared to their parent carbon nanotubes (see the ESI †), which indicates that functionalization has not caused any damage to the nanotube layers.
The amount of iridium in the nanotubes, determined by means of ICP-MS, varies progressively from 3.1% for the less oxidized material, CNT-HCl-MI-Ir, to 12.3% for the most oxi-dized material, CNT-ST-MI-Ir (6.1% for CNT-LT-MI-Ir and 10.0% for CNT-MT-MI-Ir, Table 1 ). The nitrogen weight percentages determined from the TGA curves allow for the calculation of the maximum iridium load in the CNT-X-MI-Ir materials assuming that each imidazole-2-ylidene is involved in the formation of an Ir-NHC bond. The ratio between the 
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iridium found and the maximum calculated is 48%, 71% and 98% for CNT-HCl-MI-Ir, CNT-LT-MI-Ir, and CNT-ST-MI-Ir, respectively, although a slight metal overload (106%) was found for CNT-MT-MI-Ir. In this context, it is worth mentioning that the iridium load could be in some way influenced by a poor dispersion capacity of the materials in the polar reaction media, together with the accessibility to the reactive acyl chloride groups. 33 Structural features of the carbon nanotube-NHC-iridium hybrid catalysts
In order to gain an insight into the local structure of the iridium atoms in the hybrid catalysts, XAS measurements were performed at room temperature. Fig. 3 presents the κ 2weighted EXAFS signals for all new CNT-X-MI-Ir acetyl hybrid catalysts and the known CNT-ST-1E-Ir ester hybrid catalyst, 3,34 compared to [IrClĲcod)ĲMeImĲCH 2 ) 3 OH)] as a reference compound. The hybrid catalysts show similar oscillations in the spectra although a higher damping is observed in the signal of CNT-ST-MI-Ir. The main difference between the catalysts and the reference is the clear interference at k ∼ 8-11 Å −1 in the latter compound which is absent in the hybrid catalysts. This interference is ascribed to the Ir-Cl bond in the first coordination shell, 2,3 and its absence in the catalysts' spectra suggests that the Cl has been replaced by a light element as was observed in similar catalysts. 35 Fig. 4a shows the pseudo radial distribution obtained from the Fourier transform (FT) of the previous EXAFS spectra between 3.0 and 13.3 Å −1 using a Hanning window. The hybrid catalysts show a big single peak corresponding to the first coordination shell at R ∼ 1.7 Å (without phase shift correction). The [IrCl(cod)(MeIm(CH 2 ) 3 -OH)] reference compound instead shows an additional shoulder at 2.1 Å in agreement with the contribution of the Ir-Cl bond. The intensity of the main peak is similar for all catalysts with the exception of CNT-ST-MI-Ir whose peak is smaller in agreement with the high damping of the EXAFS signal. Structures beyond 2.2 Å correspond to mixed contributions from the next-neighbour coordination shells. The peaks are significantly weaker and broader suggesting a strong disorder in these shells. Therefore, EXAFS analysis was limited to the first coordination shell, when the study was performed between 1.1 and 2.3 Å in R-space.
The first coordination shell of the Ir atom in the reference compound, [IrClĲcod)ĲMeImĲCH 2 ) 3 OH)], as it was previously reported 35 is composed of a Cl atom, a C atom of the imidazol-2-ylidene (C 1 ) ring and 4 C atoms of both CC bonds present in the cyclooctadiene ligand (Fig. 5a ). Our analysis yields the following distances: Ir-Cl = 2.369(9) Å, Ir-C 1 = 2-016(14) Å, Ir-C 2,3 = 2.089(13) Å and Ir-C 3,4 = 2.120(13) Å. The four latter distances correspond to the interatomic distances to the 1,5-cyclooctadiene carbons, while C 1 refers to the carbon atom belonging to the NHC. In contrast, the Cl atom is missing in the Ir coordination shell of the supported catalysts and it is probably substituted with an O atom from the oxidized CNT materials.
In order to model the Ir local environment in the catalysts, we have replaced the Cl atom by oxygen, preserving the rest of the Ir-C bonds. In fact, the Ir-O distance was matched to the Ir-C 1 bond length because this approach strongly stabilizes the fitting procedure and minimizes the number of free parameters. Moreover, it agrees with isostructural compounds like [IrĲNCCH 3 )(cod)(MeIm(CH 2 ) 3 OH)][BF 4 ], whose molecular structure, determined by X-ray diffraction (Fig. 5b) , shows a N atom of the acetonitrile ligand bonded at 2.032(3) Å while the Ir-C 1 bond length is 2.031(3) Å. 35 We have observed a strong correlation between the values of Ir-C 2,3 and Ir-C 4,5 ; therefore, these interatomic distances were refined with a single parameter (ΔR 2 ) starting from the theoretical value of the reference compound. Therefore, a total of 4 parameters are refined: an average inner potential correction of the threshold (ΔE 0 ), an average Debye-Waller factor (σ 2 ) and two distance parameters, ΔR 1 for Ir-C 1 and Ir-O and ΔR 2 for Ir-C 2,3 and Ir-C 4,5 . The amplitude reduction factor S 0 2 is fixed to 1 in agreement with the value obtained for the reference compounds and previous studies. Fig. 4a compares the best fit and experimental spectra corresponding to the moduli of the FTs of the κ 2 -weighted EXAFS shown in Fig. 3. Fig. 4b shows the back-Fourier filtered spectra in k-space corresponding to the first coordination shell together with the best fit results. These best fit results for CNT-X-MI-Ir and CNT-ST-1E-Ir 34 are summarized in Table 2 . Our analysis confirms a local environment composed of six light elements around the Ir atom in all the hybrid catalysts. The distances of Ir to the carbons in the diolefin range between 2.078 and 2.22 Å, while the shortest distances are between 2.025 and 2.045 Å. Finally, the higher value of the Debye-Waller factor is observed for CNT-MT-MI-Ir and especially for CNT-ST-MI-Ir suggesting a stronger structural disorder in the first coordination shell for these catalysts.
Hydrogen-transfer catalytic activity of the carbon nanotube-NHC-iridium hybrid catalysts
Once the anchoring of Ir-NHC organometallic complexes on the inner and outer surfaces of the nanotubes was confirmed, the hybrid materials were tested as catalysts in the hydrogentransfer reduction of cyclohexanone to cyclohexanol, using 2-propanol both as hydrogen source and as a non-toxic solvent with a moderate boiling point (Scheme 2). The reaction conditions were those previously optimized for related O-functionalized NHC-iridiumĲI) homogeneous catalysts such as [IrBrĲcod)ĲMeImĲ2-methoxybenzyl))] in previous studies. 2 Thus, standard catalyst loads of 0.1 mol% Ir, with 0.5 mol% KOH as a co-catalyst, and a temperature of 80°C were routinely employed.
The hybrid catalysts derived from gradually oxidized carbon nanotubes having anchored Ir-NHC complexes via acetyl linkers (CNT-X-MI-Ir) were active in the transfer hydrogenation of cyclohexanone. Reaction times required reaching a conversion of more than 90%, and the turnover frequencies (TOF), at initial time and at 50% conversion, for all the examined catalysts are summarized in Table 3 . The four hybrid materials showed similar kinetic profiles, but appreciable differences in the catalytic activity were found (Fig. 6a ). Interestingly, the cyclohexanone reduction was observed immediately after the thermal equilibration of the reactant mixture with no detectable induction period. The hybrid catalyst CNT-ST-MI-Ir is the most active in this series reaching 91% conversion in 1.6 h with a TOF 50 of 3000 h −1 . CNT-MT-MI-Ir, CNT-LT-MI-Ir and CNT-HCl-MI-Ir were considerably less active with TOF 50 values of 789, 428 and 254 h −1 , although CNT-MT-MI-Ir showed an initial TOF o of 6500 h −1 which is the highest in the series.
The pattern of catalytic activity shown by these hybrid catalysts CNT-X-MI-Ir correlates with the oxidation degree of the corresponding parent carbon nanotubes which points to a surface effect derived from the intensity of the oxidation treatment. According to the solid characterization techniques, those supports treated with weaker oxidizing purification procedures (HCl, LT and MT treatments) result in supports with an extended sp 2 structure with higher C/O ratios, low intrinsic porosity and tips scarcely opened. The low level of hydrophilic functional groups could also imply a lower dispersion capacity in the polar catalytic reaction medium which makes the access of the reactants to the active sites and, in particular, to those settled in the inner cavity of the nanotube difficult. On the other hand, the severe oxidation treatment (ST treatment in particular) leads to a nanotube with a 
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defective structure, plenty of holes, oxygen moieties, structural defects and opened tips. 36, 37 The defective structures contain suitable functional groups exposed to form active centres situated in the holes and open channels where reactants can arrive more easily in the diffusional stages of the heterogeneous catalytic process. Under these circumstances, the nanotube can also act as a "nano-reactor" offering a confinement effect that can occasionally enhance the catalysis activity. [38] [39] [40] The molecular complex [IrClĲcod)ĲMeImCOCH 3 )] has been revealed as extremely moisture and alcohol sensitive which precluded the comparison of its catalytic activity with that of the carbon nanotube-NHC-iridium hybrid catalysts. was cleanly converted to [IrCl(cod)(MeImH)] and methyl acetate upon reaction with methanol (NMR evidence).
It is noteworthy that neither the iridium-free carbon nanotube-based materials nor iridium supported materials without an imidazolium ligand have shown significant cata-lytic activity, which indirectly supports the covalent anchoring of the Ir-NHC complexes to the carbon nanotube-based materials via acetyl linkers. In this context, it has been recently reported that iridium oxide nanoparticles supported on nanoparticulate cerium oxide exhibit moderate catalytic activity in the transfer hydrogenation of cyclohexanone. 41 However, the presence of IrO 2 nanoparticles in our NHC-Ir hybrid catalysts is negligible because the fit of the first shell of our EXAFS spectra to a model with a rutile crystal structure (IrO 2 ) renders a poor model. In fact, the EXAFS signal of IrO 2 shows some structures in the oscillation between 7 and 9 Å −1 that are not found in the spectra or our catalysts, and the Fourier transform shows an important peak around 3 Å corresponding to the Ir-Ir path that is also absent in our spectra, and the white line (very sensitive to the number of d-holes) is significantly higher for the IrO 2 spectrum. 42 The catalytic performance of CNT-ST-MI-Ir has been compared with that of the molecular acetoxy-functionalized NHC complex [IrClĲcod)ĲMeImĲCH 2 ) 3 OCOCH 3 ] (Ir-ImidO) 3 and of related hybrid catalysts having supported Ir-NHC complexes on carbon nanotubes obtained under the most severe oxidation conditions through the flexible 3-alkoxipropyl linker 1. In particular, the hybrid catalysts CNT-ST-1E-Ir 3 and CNT-ST-1C-Ir, with ester and carbonate linking surface functions, result from the nanotube functionalization through the carboxylic acid and the hydroxyl surface groups, respectively, whereas TRCNT-ST-1C-Ir comes from the surface hydroxylic group functionalization of thermally reduced nanotubes (Scheme 3). 35 Table 2 Best fit structural parameters for the first coordination shell of the hybrid catalysts at the Ir L 3 -edge: average inner potential correction, bond lengths, average Debye-Waller factor and the residual factor of the fit a Catalyst ΔE 0 (eV) R 1 (Å) Ir-C 2,3 (Å) Ir-C 4,5 (Å) σ 2 (10 3 , Å 2 ) R F (11) 1.1(9) 0.005 a The residual factor accounts for the misfit between the actual data and the theoretical calculations. 25 Numbers in parentheses are the errors estimated from different analyses to the best significant digit. R 1 stands for Ir-C 1 and Ir-O.
Scheme 2 Transfer hydrogenation of cyclohexanone with 2-propanol. As can be observed in Fig. 6b , the hybrid catalyst CNT-ST-1E-Ir is only slightly more active than CNT-ST-MI-Ir reaching 94% conversion in 1.3 h with a TOF 50 of 3350 h −1 (Table 3) . Thus, the flexibility imparted by the carbon chain linking the Ir-NHC supported complexes in CNT-ST-1E-Ir appears to influence positively the catalytic activity as both hybrid catalysts have a similar degree of oxidation. Interestingly, both hybrid catalysts are more active than the homogeneous catalyst [IrClĲcod)ĲMeImĲCH 2 ) 3 OCOCH 3 ] (Ir-ImidO) and the hybrid catalysts prepared by covalent functionalization of the hydroxyl surface groups CNT-ST-1C-Ir and TRCNT-ST-1C-Ir (Fig. 6b) .
In contrast with the hybrid catalysts CNT-X-MI-Ir, for which the catalytic performance improves with the level of oxidation of the parent carbon nanotube material, the thermally reduced TRCNT-ST-1C-Ir was found to be more active than CNT-ST-1C-Ir (Fig. 6b ). 35 The structural characterization of the catalysts based on thermally reduced carbon nanotube materials showed an increase in the amount of Csp 2 and a decrease in the oxygen functional groups, as a consequence of the partial restoring of the aromatic structure after the thermal treatment. Having in mind that EXAFS measurements showed a similar first-neighbour coordination shells for all the hybrid Ir-NHC catalysts, 35 that difference should be ascribed to the different localization of the iridium centres in the hybrid catalysts. The active centres are located at the basal planes of the nanotubes for the catalyst with -OH functionalization, while for the -COOH functionalized materials, the Ir-NHC complexes are located at the holes and defects, where the approach of the reactants is easier because these centres are more exposed. However, in the case of a cleaner surface, which is provided for the thermal reduction, the diffusional stages can be faster, which enhances the activity of the reduced samples. These observations could be of a great importance because it gives a clear idea of how the functionalization should be in order to obtain more active catalysts.
Recycling studies (Fig. 7) were also carried out with the four hybrid catalysts CNT-X-MI-Ir based on gradually oxidized carbon nanotubes. The black solids obtained after each Scheme 3 Carbon nanotube based iridium-NHC hybrid catalysts. Fig. 7 Recyclability of the hybrid catalysts CNT-X-MI-Ir: conversion to cyclohexanol in five catalytic runs with recycling reaction times shown in Table 3 . The 5th cycle was performed under air.
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catalytic run were recovered, washed with fresh 2-propanol (4-5 mL) and subjected to another catalytic cycle. The recycling processes render conversions above 90% after five catalytic runs without any loss of catalytic activity. In addition, the kinetic profiles in the successive experiments are very similar to those plotted in Fig. 6a , even for the last cycle which was performed under air, which demonstrate the air stability of the hybrid catalysts 3, 35 (see the ESI †).
Conclusions
Iridium-N-heterocyclic carbene complexes have been supported through the surface carboxylic acid groups of carbon nanotube materials obtained after purification methods of different oxidizing power. The oxidized carbon nanotubes have been functionalized by reaction of the surface acyl chloride groups formed after thionyl chloride treatment with N-methylimidazole, which allow for the covalent anchoring of Ir-NHC complexes via acetyl linkers. The carbon nanotube based iridium-NHC hybrid materials, CNT-X-MI-Ir, were efficient catalysts for the reduction of cyclohexanone by transfer hydrogenation. The most oxidized hybrid catalyst CNT-ST-MI-Ir has shown a superior catalytic performance, observing a gradual increase in the catalytic activity with the oxidation degree of the corresponding parent carbon nanotubes. The supported catalysts can be recycled through successive catalytic runs without any loss of activity.
In sharp contrast with the behaviour exhibited by a related N-acyl-substituted Ir-NHC molecular complex, the catalytic activity exhibited by the iridium hybrid catalysts suggests that the acetyl linkers in these materials do not undergo methanolysis under hydrogen transfer conditions which could be a consequence of the protection and stabilizing effect exerted by the nanocarbon walls of the support.
The local structure of the iridium atoms in the hybrid catalyst determined by EXAFS has shown a common local environment for all of them implying a coordination iridium sphere formed by two olefin bonds of the cod ligand, the carbon atom of the NHC carbene ligand, and an O atom from the oxidized carbon matrix as a result of the iridium-support interaction after ionization of the chlorido ligand.
The covalent functionalization through carboxylic acid moieties in the hybrid Ir-NHC catalyst makes possible both a confinement effect due to the porosity of the material and a surface effect based on the potential cooperation of hydroxyl functional groups on the nanotube walls. In this context, it has been found that the catalytic activity is enhanced by the presence of a high concentration of oxygen functionalities in the periphery of the active centers predominantly located at the structural defects including holes or opened tips.
